Abstract: A recent study shows that the titanium dioxide (TiO 2 ) thin film synthesised by a chemical bath deposition technique is a very useful material for the X-ray radiation sensor. In this work, we reported the influence of annealing on the X-ray radiation detection sensitivity of the TiO 2 film. The films were annealed at 333 K, 363 K, 393 K, 473 K, and 573 K for 1 hour. Structural analyses showed that the microstrain and dislocation density decreased whereas the average crystallite size increased with annealing. The band gap of the films also decreased from 3.26 eV to 3.10 eV after annealing. The I-V characteristics record under the dark condition and under the X-ray irradiation showed that the conductivity increased with annealing. The influence of annealing on the detection sensitivity was negligible if the bias voltage applied across the films was low (within 0.2 V -1.0 V). At higher bias voltage (>1.0 V), the contribution of electrons excited by X-ray became less significant which affected the detection sensitivity.
Introduction
Titanium dioxide (TiO 2 ) is a group IV-VI wide band gap semiconductor. Research concerning the optical and electrical properties of TiO 2 has been a subject of many researchers. TiO 2 exists in rutile, anatase, and brookite phase, and its band gap varies between 3.0 eV and 3.8 eV or even higher [1] [2] [3] [4] . In general, the rutile phase is thermodynamically more stable than the anatase one [5] , and the band gap of the anatase phase is higher than the rutile one [6] .
TiO 2 has many unique optical and electrical properties which make it a favourable material for numerous applications, namely, photocatalysis [7] , dye sensitised solar cells [8] [9] [10] , gas sensors [11] , pH sensor [12] , light emitting diodes [1] , and photodetectors [2, 13] , etc. Apart from these applications, TiO 2 is also a very promising material for ultraviolet (UV) and X-ray sensors. Okuya et al. [3] reported that the TiO 2 film can be used as the UV detector, however, its detection sensitivity depends on the surface morphology and charge carrier density of the film. Fu and Cao [4] studied the UV sensitivity of the TiO 2 thin film and observed a large photogenerated current under UV light with the wavelength below 340 nm. Further, the results of Xing et al. [5] and Qi et al. [14] also supported that the TiO 2 thin film under UV radiation shows a high responsivity and a low dark current.
Regarding X-ray sensitivity, Sarma et al. [15] , for the first time, showed that the TiO 2 thin film synthesised by a chemical bath deposition (CBD) technique could be used to detect X-ray radiation. There are many advantages of the TiO 2 thin film to be used as an X-ray sensor. For example, it can be synthesised by the CBD technique. CBD is the cheapest technique to synthesise the thin film, and therefore it enables one to design a cost-effective X-ray sensor. Moreover, TiO 2 is more stable in the common environment than other chalcogenides. Therefore, the longevity of the sensor would be high.
Although the TiO 2 films show a great potential for the X-ray sensor, the sensitivity of the film may be affected by annealing temperature, because the physical properties of many thin films often change due to post-annealing treatment. Naceur et al. [6] studied the effect of annealing on optical properties of nanostructured TiO 2 thin films. The shape and density of the nanocrystalline structure of the films were found to depend on the annealing temperature. It was reported that the crystalline phase of the films changed from anatase to rutile after annealing at 1273 K [6] . Lin et al. [16] observed that the crystallite size increased whereas the band gap decreased with annealing temperature. Further, the photocatalytic activity of the films was found to be improved with annealing at 673 K [16] . Zulkefle et al. [17] reported that the roughness of the film increased with annealing. The annealing temperature was also found to affect the sensitivity of extended-gate field effect transistor based portable pH sensor [18] . The pH sensitivity of the sensor decreased with annealing temperature [18] .
As cited earlier, Sarma et al. [15] recently showed the potential application of the TiO 2 film as the X-ray radiation sensor. For a material to be used as a radiation detector, it will be advantageous from the practical point of view if the material can sustain high temperature. Literature showed that many physical characteristics, for example, crystallite size, phase, roughness, and band gap of the TiO 2 thin film were affected by annealing temperature. Therefore, it is important to study the X-ray radiation sensitivity of the film annealed at different temperatures. In this work, we reported on the influence of annealing on the X-ray detection sensitivity of the film.
Experimental details
There are several methods for thin film deposition. Among them, we used a chemical bath deposition method to prepare the TiO 2 thin films. For synthesis, we followed the same protocol as reported in our previous work [15] . In the previous study, it was noted that the films prepared at 3.0 M had superior electrical conductivity than the relatively lower molarity films, and the 3.0 M film was more sensitive for X-ray detection [15] . Therefore, in this study, the annealing treatment was carried out on the films prepared at 3.0 M. To prepare the 3.0 M films, titanium (IV) iso-propoxide of 3.0 M was added with propanol of the same molarity and stirred continuously. The solution bath temperature was maintained at 353 K. The pH of the solution was monitored and maintained between 2.0 and 2.3 by adding glacial acetic acid. After 1 hour of stirring, chemically cleaned glass substrates were immersed in the solution beaker. The glass substrates covered with TiO 2 layers were taken out after 24 hours and dried in air. The details of the deposition technique were discussed in our previous report [15] . The presence of essential elements, i.e. the Ti and O, was confirmed by an X-ray fluorescence spectroscopic analysis [15] . To study the annealing effect, the films were annealed in air at 333 K, 363 K, 393 K, 473 K, and 573 K for 1 hour by an electronic temperature controlled muffle furnace.
To study the influence of annealing on the structural parameters of the films, X-ray diffraction (XRD) patterns were recorded by an X-ray diffractometer (Rigaku-TTRAX III, Japan, λ = 1.5406 Å for Cu Kα radiation, V = 50 kV, and I = 180 mA). On the other hand, to examine any influence of annealing on the surface morphology of the films, a surface morphological analysis was carried out using a field-emission scanning electron microscope (FE-SEM) (ZEISS SIGMA VP, Germany).
To study the effect of annealing on the optical properties of the films, the optical absorption spectrum was recorded within 250 nm to 800 nm using a UV-vis spectrometer (CARY-300, Varian, Australia). Further, the current-voltage (I-V) characteristics of the films were recorded by a digital electrometer (Keithley, 6517B, United States). Aluminium was used as a connecting electrode, and the potential was applied by a variable direct current (DC) power supply. For X-ray radiation, unless otherwise stated, the X-ray tube was operated at 35 kV source potential and 15 mA filament current. The source emited X-ray of wavelength 1.5406 Å. The XRD peaks of the annealed films are analysed to study any structural change caused by annealing. Some structural parameters such as crystallite size, microstrain, and dislocation density are evaluated. Using Scherrer's equation [19] , the average crystallite size corresponding to the films annealed at 333 K, 363 K, 393 K, 473 K, and 573 K is estimated as 6.6 nm, 6.9 nm, 7.3 nm, 8.1 nm, and 8.3 nm, respectively. Scherrer's equation estimates the crystallite size using the broadening of a diffraction peak where the influence of non-uniform internal strain (so called microstrain) towards broadening of the peak is neglected. It is known that the broadening of XRD peaks occurs due to the simultaneous contribution of both crystallite size and internal strain. Therefore, the crystallite size calculated using Scherrer's equation slightly differs from the actual size. In order to calculate the reliable value of the crystallite size and the possible microstrain, the Williamson-Hall (W-H) analysis [20] is carried out. According to the theory of W-H, the full width at half maxima β of a multiple ordered diffraction peak can be expressed as ( where λ is the wavelength of X-ray, θ is the diffraction angle, ε is the microstrain presenting in the crystal lattice, and D is the average crystallite size. Equation (1) implies that a plot of (βcosθ) / λ against (2sinθ) / λ is linear with the slope 2ε and intercept equal to 1 / D. Using the plot, the average crystallite sizes of the films annealed at 333 K, 363 K, 393 K, 473 K, and 573 K are calculated as 8. The microstrain and minimum dislocation density are found to decrease, and the average crystallite size is found to increase with annealing. Lin et al. [16] also found a similar increase in the crystallite size with annealing. An increase in the crystallite size and a decrease in the microstrain as well as the dislocation density are due to the thermally induced coalescence of smaller grains at the grain boundary. At higher annealing temperatures, the atoms in the films have adequate diffusion activation energy to reside in the thermodynamically favourable sites within the crystal lattice, and in due course the smaller grains having lower surface energy become larger [22, 23] .
Results and discussions

Structural and surface morphological analyses
In order to study any influence of annealing on the surface morphology of the films, FE-SEM analysis is carried out. Figure 2 shows FE-SEM micrographs of an un-annealed and the 393 K annealed films under the same magnification. The surfaces of the films are homogeneous and constituted by some smaller as well as relatively larger agglomerated grains. Due to annealing, a little change in the grain structures is found (see Fig. 2 ).
Optical properties
To study the effect of annealing on the absorption edge, the absorption spectra of the films were recorded. Figure 3(a) shows the absorption spectra recorded from the films annealed at 333 K, 363 K, 393 K, 473 K, and 573 K. For all the films, an absorption peak was observed within 300 nm to 320 nm, and the absorbance of the films seemed to be increased with annealing. The band gap of the annealed films was estimated from Tauc's equation [24] . Figure 3(b) shows Tauc's plots corresponding to the absorption spectra recorded from the films annealed at 333 K, 363 K, 393 K, 473 K, and 573 K. This analysis gives the band gap of the 333 K, 363 K, 393 K, 473 K, and 573 K annealed films as 3.21 eV, 3.16 eV, 3.14 eV, 3.13 eV, and 3.10 eV, respectively. In contrast, the band gap of an un-annealed film was 3.26 eV [15] . The band gap of the films is found to decrease with annealing. A decrease in the band gap of the annealed films can be attributed to some structural changes occurring during annealing [25] . It is evident from preceding structural analyses that the crystallite size increased with annealing temperature whereas microstrain in the lattice decreased with annealing. Due to these changes, the dislocation density in the films decreased with annealing temperature. A decrease in the dislocation density in the crystal lattice reduces the defect induced energy states, which in turn decreases the band gap of the film. 
Current-voltage (I-V) characteristics
To measure the I-V characteristic, aluminium was used as an electrode. The work function of aluminium is 4.170 eV [26] whereas that of the TiO 2 is 4.899 eV [27] . Owing to the lower work function of aluminium than that of the TiO 2 , the contact between the electrode and the film was ohmic. As a result, the current through an un-annealed film was found to increase uniformly with the bias voltage [15] . In the present case, the I-V characteristics of the annealed films were first recorded under the dark condition and later under the X-ray irradiation using the same experimental setup as discussed by Sarma et al. [28] . Figure 4 shows the I-V characteristics recorded from the films annealed at 333 K, 363 K, 393 K, 473 K, and 573 K. The same characteristics corresponding to the un-annealed film reported by Sarma et al. [15] were also shown for ease of comparison. The results shown in Fig. 4 are the average of three identical measurements, and the corresponding error bars represent their standard deviations. In all the cases, the I-V characteristics were found to follow Ohm's law, and the current under X-ray irradiation was significantly higher than that under the dark condition. Under the dark condition, the initial start-up currents of the annealed films were found to flow at relatively lower bias voltage than that in the un-annealed film [see Fig. 4(a) ]. This is due to a decrease in the band gap with annealing.
The electrical conductivity of the films was calculated from the I-V characteristics. For the films annealed at 333 K, 363 K, 393 K, 473 K, and 573 K, the conductivities under the dark condition were calculated as 1.81 × 10 -2 S/cm, 2.14 × 10 -2 S/cm, 6.60 × 10 -2 S/cm, 1.29 × 10 -1 S/cm, and 1.75 × 10 -1 S/cm whereas those under the X-ray irradiation were 2.96 × 10 -1 S/cm, 3.53 × 10 -1 S/cm, 6.77 × 10 -1 S/cm, 1.75 S/cm, and 2.03 S/cm, respectively. In comparison, the conductivity of the un-annealed film under the dark condition was found as 1.11 × 10 -2 S/cm whereas that under the X-ray irradiation was 2.22 × 10 -1 S/cm [15] . For all the films, the conductivity under the X-ray irradiation was found to be greater than that under the dark condition. This was in accordance with the model which was used to discuss the conductivity of the ZnS thin film [28] as well as that for the un-annealed TiO 2 film [15] . According to the model, the current under the dark condition is only due to the electrons excited by the bias voltage whereas the current under the X-ray irradiation is contributed by the electrons simultaneously excited due to the applied bias voltage and the high energy radiation (i.e., X-ray). Under the X-ray irradiation, the excess electrons generated by the X-ray contribute more current and therefore show greater conductivity than that under the dark condition [15, 28] . Regarding the influence of annealing, the conductivity under the dark condition as well as that under the X-ray irradiation was found to increase with annealing. An increase in conductivity could be ascribed to a decrease in the grain boundary as well as the band gap of the material. A similar increase in conductivity with annealing was also observed in the ZnS film [29] .
X-ray detection sensitivity
The detection sensitivity S for a particular energy of X-ray irradiation was calculated as a function of the bias voltage (V) using the relation S(V) = (I r -I d ) / I d . Here, I r is the current at a bias voltage V measured during the X-ray irradiation (the X-ray is generated by the source at 35 kV and 15 mA filament current), and I d is the dark current at the corresponding bias voltage. Figure 5 shows a plot of detection sensitivity of the annealed films against the bias voltages (V). The same feature of the un-annealed film is also shown for reference. The detection sensitivity of the films after annealing was found to be affected to some extent. The sensitivity of the un-annealed film was constant within 0.2 V -2.0 V [15] . On the other hand, the sensitivity of the films annealed at 333 K and 363 K was constant within 0.2 V -4.0 V. Further, the sensitivity of the films annealed at 393 K, 473 K, and 573 K was constant within 0.2 V -2.0 V and decreased thereafter. Moreover, some fluctuation in the sensitivity was found as the annealing temperature increased. The differences in the variation of sensitivity with annealing were mostly due to the change of the band gap as well as some structural and surface morphological changes. The preceding analysis shows that the detection sensitivity of all the films corresponding to X-ray generated by the source at 35 kV source potential and 15 mA filament current is constant mostly between 0.2 V and 2.0 V bias voltage. In order to study the sensitivity for different energies of the X-ray radiation, the current flowing through the films for the bias voltages between 0.2 V and 2.0 V was studied by changing the energy of the X-ray radiation. In this experiment, the energy of the X-ray was varied by changing the X-ray source potential between 25 kV and 35 kV while keeping the filament current constant at 15 mA. Figure 6 shows the current passing through the un-annealed and annealed films for bias voltages V = 0.7 V, 0.9 V, 1.0 V, and 2.0 V. Each data point is the mean of three identical measurements, and the error bars are their corresponding standard deviations. The current in all the films was found to increase with the X-ray source potential. For quantitative analysis, the slope of the curves was calculated for all bias voltages. The magnitude of the slopes corresponding to the un-annealed and 333 K, 363 K, 393 K, 473 K, and 573 K annealed films for bias voltage, V = 0.7 V, 0.9 V, 1.0 V, and 2.0 V are reported in Table 1 . It is evident in Table 1 that the magnitudes of the slopes are consistent for all the annealed and un-annealed films. However, for higher bias voltage, for example, V = 2.0 V, some deviation of the slopes was observed among the annealed films. The consistency in the slopes implies that a rate of increase in the current per unit change of X-ray energy is the same for the un-annealed and annealed films provided the bias voltage is low (within 0.2 V -1.0 V). At higher bias voltage (>1.0 V), owing to the lower band gap of relatively higher temperature annealed films, the number of electrons excited to the conduction band by X-ray becomes less significant than those excited by the applied bias voltage. As a result, the sensitivity of the film changes. 
Stability of the films
In the common environment, the quality of some thin films degrades with time due to moisture and dust particles presenting in the atmosphere. For practical applications of a film, it is necessary to study any potential degradation of the quality of the films in the common environment. To study such effects, the films were kept in an open place inside a room, and I-V characteristics of the films were recorded under the dark condition as well as under the X-ray irradiation condition. The experiment was repeated up to 15 days from the 1st day of synthesis of the film. It was observed that the I-V characteristics of the films measured between the 1st day and 15th day were approximately the same. Figure 7 shows the variation of conductivity of the un-annealed film against the time between the day of synthesis and measurement of the I-V characteristics. It is evident that the conductivity of the film under both dark and X-ray irradiation conditions are consistent with time. The statistical coefficient of variation in the conductivity of the un-annealed film was about 1.37% under the dark condition and was about 1.72% under the X-ray irradiation condition. The similar consistency in conductivity was also found in the annealed films. However, for visual clarity, the relevant plots are not shown in Fig. 7 . Therefore, from this analysis, it can be concluded that the films are stable in the common environment. 
Conclusions
The effect of annealing on the X-ray radiation detection sensitivity of the TiO 2 thin film synthesised by a chemical bath deposition technique has been studied. The films were annealed at 333 K, 363 K, 393 K, 473 K, and 573 K for 1 hour. The structural analysis showed that the crystalline nature of the films did not change after annealing up to 573 K. However, the microstrain and minimum dislocation density were found to decrease, and the average crystallite size was found to increase with annealing. Further, the analysis of the absorption spectra showed that the band gap of the films decreased with annealing. The I-V characteristics of the films were studied under the dark condition and under the X-ray irradiation. Under both conditions, the conductivities were found to increase with annealing temperature. The increase in conductivity was attributed to the decrease in the band gap as well as the structural changes occurred during annealing. Regarding the detection sensitivity of X-ray, the influence of annealing was negligible if the bias voltage applied across the films was low. The higher bias voltage lessened the contribution of electrons excited by the X-ray which affected the detection sensitivity of the annealed films.
